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THE EFFECTS OF ANODAL TRANSCRANIAL DIRECT CURRENT 
STIMULATION ON CORTICAL SPREADING DEPRESSION 
SAHITYA PRIYA CHERUKURI 
ABSTRACT 
 Cortical spreading depression (CSD) is a depolarizing wave that travels through 
the cerebral cortex, and is followed by an inhibition of cortical activity. The propagation 
of CSD elicits metabolic challenges in tissue that may be irrecoverable in an ischemic 
brain, and thus has implications in neurological disease. Limiting the incidence of CSD 
may be instrumental in limiting the extent of neuronal damage following brain injury. 
Transcranial direct current stimulation (tDCS) is a form of brain stimulation that alters 
the level of cortical activity. Anodal tDCS, which increases cortical excitability, is used 
to treat a variety of neurological syndromes but may have the potential to exacerbate 
certain pathologies. This contention has never been evaluated using in vivo brain 
recordings. This study seeks to determine the effects of anodal tDCS on CSD, a 
phenomenon common to many neurological disorders. 
 CSD was induced in the rat cortex by administration of potassium chloride. 
Animals were subjected to either anodal tDCS or sham stimulation. Cortical electrical 
activity was monitored using an intracortical multielectrode array, and data was analyzed 
to measure the effects of anodal tDCS versus sham on CSD incidence, velocity, 
amplitude, and several other characteristics of the wave. The hypothesis of the study was 
that anodal tDCS would increase the incidence, velocity, and amplitude of the CSD wave. 
No significant effects of anodal tDCS on CSD were observed in this study. Results 
  vi
indicate that anodal tDCS does not increase the velocity, amplitude, or frequency of the 
spreading depression wave, nor does it interrupt the wave. These data have implications 
for the use of anodal tDCS in the treatment of neurological disorders associated with 
spreading depression.   
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INTRODUCTION 
 
Cortical Spreading Depression 
 Cortical spreading depression (CSD) is a wave of cellular depolarization that 
slowly propagates through grey matter of the cerebral cortex (Smith et al., 2006). CSD 
develops after certain electrical, mechanical, or chemical stimulations and elicits a wave 
of neuronal and glial depolarization (Leão, 1944a). The phenomenon is characterized by 
increases in extracellular potassium and glutamate due to efflux from affected cells, as 
well as increased intracellular sodium, chloride, and calcium (Herreras & Somjen, 1993). 
The spreading wave of depolarization is followed by an inhibition of cortical activity 
(Leão, 1944b). CSD has been implicated in various neurological conditions including 
migraine aura (Zhao & Levy, 2016), traumatic brain injury, and ischemic stroke (von 
Baumgarten et al., 2008).   
 Spreading depression is characterized by a redistribution of ions across cell 
membranes, which subsequently causes a recurring, all-or-none depolarization of 
neurons. A spreading depression can be induced by electrical, chemical, or mechanical, 
stimulation of the cerebral cortex (Sloan & Jasper, 1950). For a spreading depression to 
be initiated, depolarization of a critical volume of brain tissue must occur; in rats, this 
volume of tissue is estimated to be around 1mm3 (Matsuura & Bures, 1971). This 
depolarization causes an increase in extracellular potassium which, once concentration 
exceeds a threshold of 10 to 12mM, allows for initiation of CSD (Lothman et al., 1975). 
After passage of a spreading depression wave, there is an absolute refractory period 
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lasting a few minutes during which no further spreading depressions can be initiated 
(Weimer & Hanke, 2005). A much longer relative refractory period follows, during 
which CSD can be initiated but propagates at lower velocities (Sun et al., 2011).  
 
Early Studies on CSD: Wave Characteristics  
 CSD was first recognized by Aristides Leão, who in his 1944 study elicited the 
phenomenon after electrically stimulating the rabbit cerebral cortex (Leão, 1944b). After 
applying a localized electrical stimulus to the cortical surface, Leão observed in the 
electrocorticogram (ECoG) a wave that propagated in all directions throughout the cortex 
at a rate of 3 to 6mm/min (Leão, 1944b). The wave was visualized as a reduction in the 
cortical electrical activity, and recovery back to the initial level of activity occurred after 
5 to 10 minutes (Leão, 1944b). In a following study, Leão observed a slow voltage 
variation that accompanied the spreading depression, having a duration of about 4 to 6 
minutes (Leão, 1947). With respect to an extra-cortical reference electrode, the affected 
region first became negative, reaching a maximum of -8 to -15 mV (Leão, 1947). This 
negative voltage lasted for 1 to 2 minutes (Leão, 1947). The cortical region then became 
positive with respect to the reference electrode; the positive phase lasted for 3 to 5 
minutes and had a smaller amplitude than the negative voltage phase (Leão, 1947). This 
negative voltage change of a spreading depression, associated with cellular 
depolarization, is also known as a direct current shift (Herreras & Somjen, 1993). Further 
studies on CSD have confirmed a saddle-shaped potential shift with two negative 
maxima, termed phase I and II of the spreading depression voltage shift (Herreras & 
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Somjen, 1993). A smaller positive transient separates the two maxima, the second of 
which is slower and more negative (Herreras & Somjen, 1993).  
 During a spreading depression, cortical neurons and glia are unable to maintain 
transmembrane ion gradients; this causes significant changes in extracellular and 
intracellular ion concentrations compared to the resting state (Hansen & Zeuthen, 1981). 
At the onset of a spreading depression, there is a rapid increase in extracellular potassium 
concentration (Hansen & Zeuthen, 1981). The concentration of extracellular potassium 
reaches a maximum during a spreading depression (Vyskocil et al., 1972), approaching 
levels between 30 and 80 mM (Lothman et al., 1975). As potassium leaves the cell and 
accumulates in the interstitial space, chloride concentration in the extracellular space 
decreases due to neuronal influx of chloride (Ranck Jr., 1964). Extracellular calcium and 
sodium also decrease during a CSD due to cellular influx (Hansen & Zeuthen, 1981). 
During phase I of the spreading depression voltage shift, extracellular potassium 
concentration increases with the change in voltage (Herreras & Somjen, 1993). However, 
during phase II, extracellular potassium decreases while the potential change continues to 
increase (Herreras & Somjen, 1993). Extracellular calcium and sodium concentrations 
remain low throughout phases I and II, and recovery to the initial state is a biphasic 
process consisting of sequential fast and slow phases (Herreras & Somjen, 1993). The 
recovery of sodium and calcium concentrations to baseline levels occurs several minutes 
after that of potassium and voltage (Herreras & Somjen, 1993). As a result, the voltage 
changes in phase I and II are unlikely to be explained solely by ionic gradients, and each 
phase may be governed by a different mechanism (Herreras & Somjen, 1993). This 
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assertion is supported by the finding that extracellular potassium levels increase rapidly 
during phase I, but decrease during phase II (Herreras & Somjen, 1993). NMDA 
antagonists were also shown to block only phase II of the potential shift (Herreras & 
Somjen, 1993).  
 
Mechanism of CSD: Initiation and Propagation 
 Grafstein proposed a potassium-based hypothesis for the mechanism of spreading 
depression propagation (Grafstein, 1956). In a 1956 study, Grafstein recorded spreading 
depressions in the cat cerebral cortex. Application of KCl, mechanical stimulation, and 
positive and negative polarization of the cortical surface were used to induce CSD 
(Grafstein, 1956). The rate of wave propagation and the potential amplitude were 
independent of the stimulus used (Grafstein, 1956). In this study, Grafstein hypothesized 
that the release of potassium from cortical neurons was involved in spreading depression 
propagation (Grafstein, 1956). A burst of intense neuronal activity precedes the slow 
voltage change of a spreading depression, therefore any condition that causes this activity 
and the resulting efflux of potassium from cortical neurons would be able to produce a 
spreading depression (Grafstein, 1956). Depolarizing stimuli caused a breakdown in 
normal extracellular clearance mechanisms for potassium, allowing potassium 
concentration to increase to levels required for CSD initiation (Lothman et al., 1975).  
After the onset of a spreading depression and accompanying neuronal hyperactivity, 
potassium is released from cells into the extracellular space. This causes depolarization of 
neighboring cells and further release of potassium, allowing for a cycle of depolarization 
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through which the wave propagates (Grafstein, 1956). At the onset of a spreading 
depression, extracellular potassium concentration rises with an increasing slope; this 
supports the idea of positive feedback mechanism for potassium release from cells 
(Marrannes et al., 1988). However, the rise in extracellular potassium is shown to begin 
while phase I of the spreading depression voltage change is underway; this indicates that 
potassium is not solely responsible for CSD propagation (Herreras & Somjen, 1993).   
 Van Harreveld proposed a glutamate-based hypothesis for spreading depression; 
he claimed that glutamate, as a common excitatory neurotransmitter in the cortex, could 
be involved in the propagation of CSD in a mechanism similar to that proposed by 
Grafstein for potassium (Van Harreveld, 1959). Interstitial concentrations of 
neurotransmitter amino acids increase along with potassium concentration during 
spreading depression; these include the excitatory amino acids glutamate and aspartate 
(Molchanova et al., 2004). An initial potassium-mediated neuronal depolarization causes 
an influx of calcium into the presynaptic nerve terminal, resulting in neurotransmitter 
release (Marrannes et al., 1988). Excitatory neurotransmitter binding causes 
depolarization of the postsynaptic membrane, resulting in an efflux of potassium from the 
postsynaptic dendrite (Marrannes et al., 1988). This release of potassium contributes to 
further presynaptic membrane depolarization and neurotransmitter release (Marrannes et 
al., 1988). This positive feedback loop continues until a critical concentration of 
extracellular potassium is achieved (Lothman et al., 1975) and spreading depression is 
initiated (Marrannes et al., 1988). Van Harreveld found that glutamate applied to the 
rabbit cortex was more potent than potassium in its induction of CSD, and was able to 
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induce spreading depression at lower concentrations (Van Harreveld, 1959). Blocking 
glutamatergic synapses can delay the onset of spreading depression (Kager et al., 2002). 
Antagonists of the glutamate NMDA receptor reduce the duration of spreading 
depression, increase spreading depression propagation time, and increase the threshold 
for spreading depression initiation; this supports the glutamate hypothesis for spreading 
depression (Marrannes et al., 1988). Magnesium, known to block NMDA ion channels in 
a voltage-dependent manner, was found to inhibit spreading depression at high 
concentrations and facilitate its occurrence at low concentrations (Lauritzen et al., 1988). 
However, glutamate alone is likely insufficient to account for all features of a CSD. As a 
result, a later study proposed a dual hypothesis in which glutamate and potassium both 
allow for spreading depression propagation (Van Harreveld, 1978).  
 Several studies support Van Harreveld’s dual hypothesis by indicating that a rise 
in either extracellular potassium or glutamate can induce a spreading depression (Van 
Harreveld, 1978). A study using computer simulations showed that spreading depression 
can be induced by either a dendritic NMDA receptor current or by defective regulation of 
cellular potassium levels (Kager et al., 2000). Levels of extracellular potassium are 
regulated by the membrane Na+/K+ -ATPase and by glial buffering; when either is 
disrupted, spreading depression can occur (Kager et al., 2002). Ouabain, which blocks the 
membrane Na+/K+-ATPase, is able to elicit CSD upon application; dysfunction of the 
pump causes an accumulation of extracellular potassium that can trigger CSD (Balestrino 
et al., 1999). Impairment of glial potassium buffering is also shown to cause 
accumulation of extracellular potassium (D’Ambrosio et al., 1999). Application of 
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fluorocitrate, a glial toxin, accelerates CSD propagation and increases its duration (Largo 
et al., 1997). High levels of extracellular potassium cause an increase in NMDA receptor 
activation (Poolos & Kocsis, 1990), as well as an increase in neuronal glutamate release 
(Fujikawa et al., 1996). Increased levels of extracellular potassium cause neuronal 
hyperexcitability (D’Ambrosio et al., 1999), which facilitates the cycle of potassium and 
neurotransmitter release through which spreading depression is thought to propagate 
(Marrannes et al., 1988). Along with an accumulation of extracellular potassium, an 
inward net dendritic membrane current is critical for spreading depression initiation 
(Kager et al., 2002). This sustained inward current initiates a positive feedback cycle of 
neuronal depolarization due to continued release of potassium from the dendrite, which in 
turn causes further depolarization of the neuron until a spreading depression is initiated 
(Kager et al., 2002). Defective interstitial glutamate clearance by astrocytes and the 
resulting activation of NMDA receptors in a mouse model of familial hemiplegic 
migraine is shown to cause an increase in propagation of spreading depression (L. Leo et 
al., 2011). Gain of function of synaptic glutamate release in another experimental model 
of familial hemiplegic migraine also increases the incidence of spreading depression, 
which may demonstrate the necessity of glutamate in CSD propagation (Tottene et al., 
2009). Elevated levels of both potassium and glutamate act as stimuli to induce a 
feedforward depolarization of neurons and glia that can trigger CSD (Aiba & 
Shuttleworth, 2012).  
 The depolarization associated with CSD is shown to be dependent on the cellular 
influx of sodium (Müller & Somjen, 2000). Lowering the concentration of extracellular 
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sodium postpones the initiation of spreading depression, and reduces the magnitude of 
the corresponding voltage shift (Müller & Somjen, 2000). Administration of TTX, which 
blocks the voltage-gated sodium channels responsible for generating action potentials, is 
shown to have no significant effects on CSD velocity or on the fluctuations in 
extracellular sodium concentration that occur during a spreading depression (Tobiasz & 
Nicholson, 1982). This result indicates that action potentials do not contribute to 
spreading depression propagation, and that other types of channels contribute to the 
neuronal influx of sodium during a CSD (Tobiasz & Nicholson, 1982). However, other 
studies show TTX to cause a delay in the onset of spreading depression (Xie et al., 1994), 
and indicate the presence of a persistent inward sodium current during CSD that is 
sensitive to TTX (Somjen & Müller, 2000). This demonstrates that voltage-gated sodium 
channels, though not essential to the spread of CSD, act as an additional point of entry for 
sodium during its generation (Akerman et al., 2008; Müller & Somjen, 2000). 
Administration of the NMDA antagonists DNQX and CPP delay the onset of CSD; when 
administered together, the combined effect of the two is not greater than the individual 
effect (Müller & Somjen, 2000). The combined administration of DNQX, CPP, and TTX 
either severely postpones or prevents spreading depression altogether, and depresses the 
resulting drop in extracellular sodium by 19% (Müller & Somjen, 2000). In the case of a 
delayed CSD, the amplitude of the rapid voltage shift and the peak concentration of 
extracellular potassium does not differ from control conditions (Müller & Somjen, 2000). 
This confirms the all-or-none nature of a CSD; once initiated, it proceeds to completion 
(Müller & Somjen, 2000). As long as there is a point of entry for sodium, positive 
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feedback will allow a spreading depression to be initiated once the appropriate conditions 
are achieved (Müller & Somjen, 2000). The sustained depolarization in dendrites that is 
associated with CSD is due to the combination of a persistent, slowly inactivating inward 
sodium current and an NMDA current (Müller & Somjen, 2000). Either current by itself 
can initiate a spreading depression, but together act synergistically to create a sustained 
dendritic depolarization (Kager et al., 2000).  
 The contribution of calcium to the depolarization that occurs during a CSD is 
uncertain; CSD can occur in calcium-free solution (Basarsky et al., 1998), indicating that 
sodium influx alone can achieve the level of neuronal depolarization required to initiate a 
spreading depression (Müller & Somjen, 2000). However, a wave of increased astrocytic 
calcium is shown to precede spreading depression-associated depolarization (Basarsky et 
al., 1998). Elevations of calcium concentration in astrocytes causes an increased release 
of glutamate and a corresponding neuronal depolarization through NMDA receptor 
activation (Basarsky et al., 1998). These findings indicate that calcium can influence 
spreading depression dynamics, but is not necessarily critical for its propagation (Müller 
& Somjen, 2000). 
 
Recovery from CSD: Metabolic Challenges 
 Recovery from spreading depression is an energy-intensive process that restores 
ion gradients and reestablishes cellular homeostasis (Hoffmann et al., 2012). During the 
recovery process, the elevated levels of extracellular potassium are restored by several 
mechanisms, including buffering by glial cells and use of membrane pumps such as the 
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ATP-dependent Na+/K+ ATPase (Sukhotinsky et al., 2010). Resting cerebral metabolism 
is dependent on oxidative phosphorylation as a source of ATP (Sukhotinsky et al., 2010). 
The concentration of ATP in the cortex is significantly reduced prior to and during the 
potential change associated with spreading depression (Mies & Paschen, 1984). The 
decrease in ATP concentration could reflect the increased activity of the membrane 
Na+/K+ ATPase due to the massive increase in extracellular potassium and cellular influx 
of sodium that occurs during a spreading depression (Mies & Paschen, 1984). Calcium 
influx during spreading depression could also increase activity of the membrane calcium 
ATPase (Mies & Paschen, 1984). Creatine phosphate levels decrease following the 
spreading depression potential shift, while ADP increases (Lauritzen et al., 1990). High-
energy phosphate levels return to baseline soon after passage of the CSD wavefront. 
Adenosine, a low-energy metabolite of ATP, is also shown to accumulate in the cortex 
during spreading depression (Lindquist & Shuttleworth, 2012). Adenosine accumulates 
when there is a decrease in metabolic supply, as in ischemia, or when there is an increase 
in metabolic demand (Lindquist & Shuttleworth, 2012). Total energy charge, or the total 
concentration of high-energy phosphates, is preserved over the course of a CSD in 
normal brain tissue (Lauritzen et al., 1990).  
 Increased glucose consumption accompanies that of ATP, as CSD activates 
glycolytic pathways (Piilgaard & Lauritzen, 2009). During increases in cerebral energy 
consumption, anaerobic glycolysis occurs to meet cellular demand for ATP (Sukhotinsky 
et al., 2010). Glucose content decreases significantly during a spreading depression, and 
the decrease in cortical glucose persists even after cellular repolarization (Selman et al., 
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2004). Levels of other glycolytic metabolites are also affected by spreading depression, 
and lactate content increases over twofold (Lauritzen et al., 1990). Cortical glycogen 
content also decreases significantly during CSD (Lauritzen et al., 1990). Glucose, 
glycogen, and lactate return to baseline levels about 10 minutes after the spreading 
depression has passed (Lauritzen et al., 1990). The time course of recovery for these 
metabolites suggests that increased glycolytic activity occurs as tissue recovers from 
CSD (Gault, et al., 1994). In addition, a sustained increase in cGMP occurs during 
spreading depression, with levels increasing after passage of the wavefront (Gault et al., 
1994).  The increase in the second messenger cGMP and activation of glycolysis suggests 
that spreading depression incurs significant metabolic stress to affected tissue as it 
attempts to restore cellular homeostasis (Gault et al., 1994). Hyperglycemia is shown to 
delay onset of spreading depression and facilitate recovery in its aftermath (Els et al., 
1997), while hypoglycemia has opposite effects (Gidö et al., 1993). In addition, CSD 
propagation velocity in rats is shown to increase in hypoglycemic conditions, and 
decrease with hyperglycemia (Costa-Cruz & Guedes, 2001). It is thought that 
hyperglycemia hinders the effects of increased extracellular potassium; elevated energy 
stores delay the onset and propagation of spreading depression by assisting cellular 
resistance to the breakdown of the transmembrane ionic gradient (Costa-Cruz & Guedes, 
2001).  
 Tissue pH also changes during a spreading depression; at the onset of 
depolarization, there is a transient extracellular acidic shift followed by an alkaline shift 
(X. Sun et al., 2011). After the passage of the spreading depression wave, there is a 
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prolonged tissue acidosis (X. Sun et al., 2011). The initial acidic shift begins prior to the 
rapid voltage change associated with spreading depression, and the alkaline shift begins 
at the onset of the negative potential shift (Mutch & Hansen, 1984). The maximal 
decrease in extracellular pH corresponds with a lactate concentration of around 7.0 mM 
in the rat parietal cortex, an increase from baseline levels of 1.2 mM (Mutch & Hansen, 
1984). The recovery time for cortical extracellular pH and lactate content after a 
spreading depression is closely correlated, indicating that the changes observed in both 
parameters are related (Scheller et al., 1992). The pH changes observed during spreading 
depression have been shown to affect primarily neurons, not astrocytes; intracellular pH 
in neurons decreases rapidly at the onset of spreading depression, as opposed to astrocytic 
pH which does exhibit any changes specific to spreading depression (Zhou et al., 2010). 
The neuronal intracellular acidification could be a consequence of proton influx or 
bicarbonate efflux accompanying the other ionic movements that occur during spreading 
depression (Zhou et al., 2010).  
 Spreading depression is associated with an increase in oxygen demand and 
consumption (Mayevsky & Weiss, 1991). A period of hypoxia follows tissue 
depolarization during spreading depression, which is a result of oxygen consumption 
exceeding its supply (Takano et al., 2007). Decrease in oxygen content could reflect an 
increased demand for oxygen as membrane ion pumps work to restore ionic gradients 
following a spreading depression (Takano et al., 2007). The high extracellular potassium 
concentration that results from CSD stimulates the membrane Na+/K+ ATPase (Takano et 
al., 2007), subsequently stimulating oxidative phosphorylation as ATP is hydrolyzed. 
 13 
Increasing the oxygen supply shortens the duration of spreading depression, while 
decreasing the oxygen supply prolongs it; it follows that tissue hypoxia may be necessary 
for CSD propagation, as a lack of oxygen slows the clearance of extracellular potassium 
(Takano et al., 2007). At the onset of spreading depression, cerebral blood flow increases, 
while tissue oxygen partial pressure exhibits a brief increase then decreases to anoxic 
levels (Piilgaard & Lauritzen, 2009). The basal cerebral metabolic rate of oxygen 
(CMRO2) in rats increases significantly immediately following a spreading depression, 
and baseline CMRO2 is elevated for up to 2 hours after the wave passes (Piilgaard & 
Lauritzen, 2009). At the same time, there is a reduction in baseline cerebral blood flow 
and tissue oxygen partial pressure in the aftermath of a spreading depression (Piilgaard & 
Lauritzen, 2009). The initial rise in CMRO2 reflects the increased Na
+/K+ ATPase 
activity during the period of cellular repolarization and restoration of extracellular 
potassium following a spreading depression (Piilgaard & Lauritzen, 2009).  
 Vascular clearance of potassium is another mechanism by which recovery from 
CSD may occur (Hoffmann et al., 2012). Grafstein found that occlusion of the middle 
cerebral artery increased the duration, amplitude, and rate of rise of cortical negativity 
during the spreading depression direct current shift (Grafstein, 1956). Grafstein 
hypothesized that hypoxia interfered with recovery from spreading depression (Grafstein, 
1956). Later studies have shown that it may be hypotension rather than tissue hypoxia 
that causes a delay in spreading depression recovery (Sukhotinsky et al., 2010). The 
duration of a spreading depression is inversely related to the mean arterial blood pressure 
(Sukhotinsky et al., 2010). Arterial hypotension is shown to significantly prolong the 
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duration of the spreading depression direct current shift, increase its amplitude, and 
decrease the CSD propagation speed (Sukhotinsky et al., 2010). Tissue hypoxia is shown 
to not be a contributing factor to this phenomenon, as restoring the tissue and vascular 
oxygen partial pressure during the period of hypotension does not eliminate the delayed 
recovery (Sukhotinsky et al., 2010). This indicates that cerebral perfusion pressure itself 
contributes to recovery of ionic gradients after spreading depression (Sukhotinsky et al., 
2010). This could be due to decreased delivery of glucose, which is shown to facilitate 
recovery from spreading depression (Fujikawa et al., 1996), as well as decreased vascular 
clearance of extracellular potassium (Sukhotinsky et al., 2010). However, a later study 
shows that hyperglycemia does not hasten spreading depression recovery in a state of 
systemic hypotension, indicating that tissue glucose availability is not a limiting factor in 
the CSD recovery rate (Hoffmann et al., 2012). Passive buffering by glia may also 
contribute to restoration of elevated extracellular potassium (Sukhotinsky et al., 2010). 
Inhibiting glial function in rats increases the recovery rate for extracellular potassium 
following a CSD; this indicates that neuroglia may participate in the restoration of 
extracellular potassium levels to baseline during spreading depression recovery (Lian & 
Stringer, 2004).  
Hemodynamics of CSD 
 Leão was the first to observe a hyperemic response to spreading depression, 
noting a visible arterial dilation and an increase in venous flow (Leão, 1944a). Later 
studies confirmed a significant increase in pial arteriolar diameter that occurred during a 
spreading depression, and a prolonged decrease in diameter after passage of the wave 
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(Osada et al., 2006). There is a rapid desaturation of cortical hemoglobin to nearly half of 
its baseline value which occurs concurrently with the spreading depression direct current 
shift, and another large cortical hemoglobin desaturation that occurs in the aftermath of 
the wave (Chang et al., 2010). The second desaturation phase lasted significantly longer 
than the first, and occurred alongside the decrease in cerebral blood flow despite the 
increased metabolic demand (Chang et al., 2010). Cerebral blood flow in rats 
anesthetized with pentobarbital was found to increase by nearly 60% during the 
occurrence of a spreading depression, and was subsequently reduced by 30% after the 
wave had subsided (Duckrow, 1991). The hypoperfusion that occurs in the aftermath of a 
CSD often lasts between 60 to 80 minutes (Lacombe et. al, 1992); this occurs 
concurrently with a prolonged pial arterial vasoconstriction (Shibata et al., 1992). Resting 
cerebral blood flow in anesthetized rats was lower than that in conscious rats; in awake, 
untreated rats, the increase in cerebral blood flow that accompanied a spreading 
depression was not seen, though the prolonged hypoperfusion was seen (Duckrow, 1991). 
This indicates that the circulatory response to spreading depression is determined in part 
by basal vascular tone (Duckrow, 1991). Later studies show that a small, brief decrease in 
cerebral blood flow occurs prior to the hyperemic response (Obrenovitch et al., 2009). 
This initial hypoperfusion occurs simultaneously with the depolarizing spreading 
depression direct current shift (Ayata et al., 2004). The ensuing hyperemia begins at the 
onset of repolarization, peaks after complete repolarization occurs (Ayata et al., 2004), 
and is followed by a long-lasting hypoperfusion (Obrenovitch et al., 2009).  
 16 
 Many different vasoactive substances are released during spreading depression (J. 
P. Dreier et al., 2001). Potassium itself has vasoactive properties; at low concentrations, 
extracellular potassium hyperpolarizes vascular smooth muscle and causes vasodilation 
of cerebral vessels (Golding et al., 2000). At concentrations exceeding 20 to 30 mM in 
rats, potassium causes smooth muscle depolarization and acts as a vasoconstrictor 
(Golding et al., 2000). Human cerebral arteries are more sensitive to the effects of 
extracellular potassium than rats, with a significantly lower threshold for potassium-
induced vasoconstriction (Ryman et al., 1989).  Nitric oxide (NO) is a potent vasodilator 
that may mediate the hemodynamic response during spreading depression. Application of 
exogenous NO donors eliminates the long-lasting hypoperfusion following CSD, 
restoring cerebral blood flow to its basal level (Scheckenbach et al., 2006). Activation of 
NMDA receptors by glutamate allows for NO-mediated vasodilation during spreading 
depression via stimulation of neuronal nitric oxide synthase (NOS) (Meng et al., 1995). 
NO may exert its effects by modulating the response to other vasoactive substances; NO 
inhibits the vasoconstrictive effects of potassium (J. P. Dreier et al., 1998), inhibits 
formation of the vasoconstrictor 20-HETE (Sun et al., 2000), and participates in 
acetylcholine-induced vasodilation (Meng et al., 1998). NOS inhibition is shown to 
increase the vasoconstrictive effects of elevated potassium (J. P. Dreier et al., 1998), and 
addition of an exogenous NO donor restores the original response (Golding et al., 2001). 
Acetylcholine (ACh) causes vasodilation of cerebral blood vessels by an NO-mediated 
mechanism, and NOS inhibitors are shown to block the vasodilatory response of ACh 
(Meng et al., 1998).  NO inhibits the conversion of arachidonic acid to 20-HETE, thereby 
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limiting its vasoconstrictive properties (Sun et al., 2000). CSD causes an accumulation of 
free arachidonic acid, with levels increasing throughout the direct current shift and 
returning to baseline after tissue recovery (Lauritzen et al., 1990). The concentration of 
20-HETE in rat brain slices is found to increase immediately after triggering of a CSD, 
shows a maximal increase at 20 minutes after onset of the wave, and remains elevated for 
up to 120 minutes after the wave has passed (Fordsmann et al., 2013). Vasoconstrictive 
prostanoid levels in cortical cerebrospinal fluid (CSF) also increase during the spreading 
depression-induced vasodilation and subsequent vasoconstriction (Shibata et al., 1992).  
 The hemodynamic response to cortical CSD was originally thought to reflect 
normal neurovascular coupling, in which cerebral blood flow changes to meet metabolic 
demand (Chang et al., 2010). However, studies suggest that neurovascular coupling is 
actually impaired in the aftermath of a spreading depression (Piilgaard & Lauritzen, 
2009), during the recovery phase. Under normal conditions, cerebral blood flow is 
coupled to consumption of glucose, which reflects metabolic demand (Lauritzen & 
Diemer, 1986). This is seen in the hyperemia that occurs during CSD, which is a response 
to the increased metabolic activity (Pinard et al., 2002). After a spreading depression, it 
was found that the decrease in cerebral blood flow was not accompanied by decreased 
cortical glucose consumption; this indicates uncoupling of cerebral metabolism and blood 
flow following a spreading depression (Lauritzen & Diemer, 1986). This may be due to 
reduced vascular reactivity (Piilgaard & Lauritzen, 2009), as autoregulation of cortical 
blood flow is impaired following a spreading depression (Florence et al., 1994). Cats and 
rats displayed an impaired pial arteriolar response to various vasoactive substances 
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including adenosine, bradykinin, potassium, carbon dioxide, as well as changes in pH 
following a spreading depression (Wahl et al., 1987). The cerebral vasodilatory response 
to hypercapnia in rats was found to be impaired for nearly 75 minutes after the 
occurrence of cortical spreading depression (Scheckenbach et al., 2006). It was found that 
inhibitory synaptic transmission is reduced following a spreading depression, while 
excitatory synaptic transmission is unaffected (Krüger et al., 1996). Inhibitory 
interneurons in the cortex release vasoactive substances upon stimulation, and reduced 
activity of these interneurons may contribute to neurovascular uncoupling following a 
spreading depression (Piilgaard & Lauritzen, 2009). CSD induces mitochondrial 
depolarization due to an associated increase in intracellular calcium and accumulation of 
free fatty acids; this promotes formation of the mitochondrial permeability transition pore 
(mPTP), which contributes to mitochondrial apoptosis (Piilgaard et al., 2011). Inhibition 
of mPTP formation was shown to cause a greater increase in cerebral blood flow during 
spreading depression, lessen the ensuing prolonged hypoperfusion, and prevent 
neurovascular uncoupling following a spreading depression (Piilgaard et al., 2011).  
 
Neuronal Silencing Following CSD 
 A suppression of spontaneous cortical activity follows passage of the spreading 
depression wave (Sawant-Pokam et al., 2016). This period of neuronal silencing can last 
up to an hour, and several different mechanisms are thought to be responsible (Sawant-
Pokam et al., 2016). Spontaneous postsynaptic potentials are reduced in frequency and 
amplitude following a CSD, and are thought to be a result of reduced action potential 
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firing due to a net cortical inhibitory shift (Sawant-Pokam et al., 2016). Excitatory 
postsynaptic potentials (EPSPs) are also reduced in frequency, suggesting a decrease in 
presynaptic neurotransmitter release and overall excitatory input (Sawant-Pokam et al., 
2016). EPSP amplitude initially decreases and later increases, through frequency is 
reduced throughout (Sawant-Pokam et al., 2016). Adenosine, known to accumulate in the 
cortex during spreading depression, may contribute to suppression of presynaptic activity 
by inhibiting glutamate release through activation of presynaptic adenosine A1 receptors 
(Lindquist & Shuttleworth, 2012). The residual hypocalcaemia after neuronal 
repolarization following a spreading depression could also causes decrease in synaptic 
transmission (Herreras & Somjen, 1993). CSD may also invoke presynaptic long-term 
depression through NMDA receptor activation, which would invoke a reduction in 
neurotransmitter release (Sawant-Pokam et al., 2016). Inhibitory postsynaptic potential 
(IPSP) amplitude is shown to increase following CSD (Sawant-Pokam et al., 2016). 
Postsynaptic potentiation more likely contributes to the changes in EPSP and IPSP 
amplitude, and synaptic inhibition may be favored over excitation due to differential 
effects on cortical interneurons and pyramidal cells following CSD (Sawant-Pokam et al., 
2016). This is supported by an elevation in cortical BDNF following a spreading 
depression (Yanamoto et al., 2004), known to contribute to postsynaptic potentiation 
(Sawant-Pokam et al., 2016). 
Experimental Models of CSD 
 Experimentally, CSD has been induced by various stimuli applied to the cerebral 
cortex, which include electrical and mechanical stimuli, as well as certain chemical and 
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pharmacologic agents (Holland et al., 2010). Strong cathodal stimulation of the cortex is 
able to elicit the critical threshold of extracellular potassium required to trigger a 
spreading depression (Reid et al., 1987). Puncturing the cortical surface is shown to elicit 
a spreading depression (Roitbak & Bobrov, 1975), as well as a needle prick involving the 
insertion and immediate removal of a needle to a particular depth within the cortex 
(Holland et al., 2010). KCl is often used experimentally to induce CSD, and application 
of glutamate is also able to elicit spreading depression (Van Harreveld, 1959). Spreading 
depression can also be induced by blocking the membrane Na+/K+ ATPase with ouabain 
(Balestrino et al., 1999). CSD has been induced experimentally in several species, 
including rats, mice, rabbits, cats, and monkeys (Yokota et al., 2002). In humans, the 
occurrence of spreading depression is identified by periods of ECoG activity suppression 
(Strong et al., 2002), and the basic pathophysiological mechanisms of CSD in humans is 
similar to those in other animal models (Mayevsky et al., 1996). CSD plays a role in 
human neurological disease, and spreading depressions are shown to occur following 
intracerebral hemorrhage (Mun-Bryce et al., 2001), subarachnoid hemorrhage (Dreier et 
al., 2006), traumatic brain injury (Trabold et al., 2006), and ischemic stroke (Dohmen et 
al., 2008). Spreading depression is also thought to contribute to the occurrence of 
migraine aura (Kroos et al., 2017).  
Pathology of CSD 
  Spontaneous, recurrent depolarizations are shown to occur in experimental focal 
ischemia and associated human brain injuries (Bere et al., 2014). Peri-infarct 
depolarizations (PIDs) are repetitive, spreading depression-like depolarizations that occur 
 21 
in the penumbra surrounding a focal ischemic lesion (Hossmann, 1996). They are 
triggered by release of potassium and glutamate from the ischemic core (Hossmann, 
1996). Cerebral blood flow during CSD shows a transient increase and subsequent 
prolonged decrease (Bere et al., 2014); the hyperemia is sometimes preceded by a brief 
hypoperfusion, caused by vasoconstriction (Sukhotinsky et al., 2008). The hyperemia 
associated with CSD in normal tissue is missing in PID (Umegaki et al., 2005); instead, a 
prolonged hypoperfusion occurs due to PID-associated vasoconstriction (Bere et al., 
2014). It is suggested that, under ischemic conditions, the predominant cerebral blood 
flow response to spreading depolarizations is vasoconstriction (Sukhotinsky et al., 2008). 
In CSD, increased cerebral blood flow is a response to the associated increase in 
metabolic demand (Pinard et al., 2002). In PIDs, the lack of compensatory hyperemia 
leads to tissue hypoxia (Pinard et al., 2002) and a persistent decrease in levels of high-
energy phosphates (Selman et al., 2004). In the ischemic brain, spontaneous 
depolarizations induce an increase in metabolic activity from which the penumbra is 
unable to recover (Selman et al., 2004). Recovery of high-energy phosphates in ischemic 
brain is delayed compared to recovery in healthy brain (Selman et al., 2004). In addition, 
lactate elevation in ischemic brain was greater than that in healthy brain (Selman et al., 
2004). Hypoxia and reduced blood flow could explain the slow recovery of metabolites in 
ischemic brain, as a decreased supply of oxygen and glucose impedes ATP synthesis 
(Selman et al., 2004). The metabolic challenges and lack of adequate blood supply 
following PID leads to infarct expansion and terminal depolarization, which is a tissue 
state where depolarizations can no longer occur (Dohmen et al., 2008). There is a positive 
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correlation between infarct volume and the number of PIDs, which suggests that the 
occurrence of PIDs causes growth of the ischemic lesion (Busch et al., 1996). Cerebral 
blood flow must drop from baseline to a critical threshold before PIDs can be elicited 
(Bere et al., 2014).  
 PID and CSD occur in humans following ischemic stroke (Dohmen et al., 2008), 
intracranial hemorrhage, traumatic brain injury (Strong et al., 2002), and subarachnoid 
hemorrhage (Dreier et al., 2006). PID was shown to cause infarct expansion in a 
malignant stroke patient, with successive MRIs showing recruitment of new cortical 
regions and concentric lesion growth (Nakamura et al., 2010). Administration of an 
NMDA antagonist is a rat model of focal ischemia is shown to reduce the occurrence of 
PID, as well as cause a reduction of ischemic damage in the penumbral zone (Gill et al., 
1992).  Administration of ketamine, a non-competitive NMDA receptor antagonist, to 
patients suffering from acute brain injury reduces the occurrence of spreading depression 
(Hertle et al., 2012). Systemic hypoglycemia is also shown to increase the occurrence of 
PIDs and may worsen tissue damage following ischemia; therefore, continuous 
monitoring of plasma glucose may be necessary to adequately assess patient outcome 
(Parkin et al., 2005). Efforts to limit the extent of spreading depression following 
infarction may have future importance as a form of acute care in patients suffering from 
brain injury (Parkin et al., 2005).  
 Migraine is a phenomenon associated with inflammation of the meninges and 
neuronal hyperexcitability (Shatillo et al., 2013). This manifests in the form of recurrent, 
debilitating headaches (van den Maagdenberg et al., 2004). Migraine aura, thought to be 
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associated with CSD, occurs in approximately one third of migraine cases and precedes 
the onset of headache (Shatillo et al., 2013). Migraine aura is a visual disturbance that 
expands from central to more peripheral visual fields, followed by a temporary blind 
region (Hadjikhani et al., 2001). The spreading oligemia (Fabricius & Lauritzen, 1993) 
that accompanies migraine aura exhibits similarities to the regional cerebral blood flow 
changes of cortical spreading depression (Hadjikhani et al., 2001). This reduction in 
cerebral blood flow progresses at a rate of 2 mm/min, similar to the propagation velocity 
of a CSD (Lauritzen et al., 1983). In the occipital cortex, an initial hyperemia is followed 
by a period of hypoperfusion lasting between 1 and 2 hours (Hadjikhani et al., 2001). 
There is also a reduced response to visual activation, which eventually recovers to 
baseline as does regional cerebral blood flow (Hadjikhani et al., 2001). Cerebral blood 
flow regulation in areas subject to oligemia is impaired during migraine (Lauritzen et al., 
1983). The occipital cortex is shown to be hyperexcitable in individuals with migraine, 
with a greater probability of visually triggering a headache (Aurora et al., 1999). Studies 
have suggested cortical hyperexcitability as an underlying cause for migraine aura, as 
frequent neuronal depolarization allows for accumulation of extracellular potassium and 
initiation of spreading depression (Bowyer et al., 2001). Drugs that inhibit cortical 
spreading depression propagation are potential targets for treatment of migraine aura 
(Hadjikhani et al., 2001). Administration of certain migraine prophylactic drugs including 
topiramate and valproate were shown to suppress spreading depression frequency in a 
dose-dependent manner (Ayata et al., 2006). 
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Transcranial Direct Current Stimulation  
Transcranial direct current stimulation (tDCS) is a type of non-invasive brain 
stimulation that modulates cortical excitability in a polarity-specific manner (Notturno et 
al., 2014). Polarizing current is delivered to the cortex by an active anode or cathode 
electrode placed over the cortical area of focus (Pilato et al., 2012). Anodal tDCS 
increases the level of cortical activity, while cathodal stimulation decreases cortical 
excitability (Liebetanz et al., 2006). The effects of tDCS last beyond the duration of 
applied cortical stimulation, and are shown to interfere with propagation of CSD 
(Notturno et al., 2014). Anodal tDCS is shown to induce an increase in spreading 
depression velocity (Liebetanz et al., 2006), while cathodal stimulation reduced the 
number of slow potential changes (SPCs) in an experimental model of ischemic stroke 
(Notturno et al., 2014). Consequently, anodal stimulation causes an increase in lesion 
volume following focal ischemia, while cathodal tDCS may exert neuroprotective effects 
following infarction (Peruzzotti-Jametti et al., 2013). The ability to induce prolonged 
changes in cortical excitability by application of tDCS leads to continued study on its use 
as a therapeutic tool for treatment of neurological disease (Liebetanz et al., 2006). 
Early Studies: Differential Effects of Cortical Polarization  
Early studies found that using a weak polarizing current on the rat cerebral cortex 
caused significant changes in the level of neuronal activity (Bindman et al., 1964), 
presumably through resting membrane potential modulation (Nitsche & Paulus, 2000). 
Anodal current polarization was found to depolarize neurons, while cathodal polarization 
caused hyperpolarization (Purpura & Mcmurtry, 1965). Anodal stimulation increased 
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neuronal activity, while cathodal stimulation decreased it (Bindman et al., 1964). Anodal 
polarization specifically enhanced the amplitude and duration of surface-negative waves 
and suppressed positive waves of cortical pyramidal neurons, while cathodal polarization 
had opposite effects (Purpura & Mcmurtry, 1965). In non-pyramidal cells that were 
located deeper within the cortex, anodal and cathodal polarization had similar effects to 
those of pyramidal cells (Purpura & Mcmurtry, 1965). However, non-pyramidal neurons 
that were more superficially located exhibited opposite responses to the current 
polarizations; anodal current caused hyperpolarization, while cathodal current caused 
cellular depolarization (Purpura & Mcmurtry, 1965). It was hypothesized that differences 
in location and orientation of neurons within the cortex affected the direction of electrical 
flow (Purpura & Mcmurtry, 1965) (Nitsche & Paulus, 2000). The effects produced by 
brief periods of cortical polarization were reversible once current application had ceased, 
while more prolonged periods of current application caused persistent changes in 
neuronal activity levels (Purpura & Mcmurtry, 1965). Brief current application also 
caused a rapid onset in effects, while effects produced by prolonged application 
developed more slowly (Purpura & Mcmurtry, 1965). Another early study indicated that 
the after-effects of cortical polarization were caused by changes in synaptic conduction 
mediated by protein synthesis (Gartside, 1968) 
Later studies demonstrated the individual effects of anodal and cathodal current 
stimulation on the human motor cortex (Nitsche & Paulus, 2000). In accordance with 
earlier animal studies, anodal stimulation increased cortical activity and cathodal 
stimulation decreased it (Nitsche & Paulus, 2000). Direct current stimulation applied for 
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at least 3 minutes to the human cortex is able to induce persisting changes in cortical 
excitability (Nitsche & Paulus, 2000). After-effects last up to 1 hour following cessation 
of stimulation, and are current intensity and application duration dependent (Nitsche & 
Paulus, 2000). The direct effects of tDCS seem to be due to membrane potential changes, 
while the after-effects are more a result of synaptic modulation (Nitsche et al., 2004). The 
after-effects caused by tDCS are thought to be mediated by NMDA receptor activation, 
and NMDA receptor inhibition is shown to suppress after-effects of long-lasting tDCS 
(Nitsche et al., 2003). Repeated application of anodal stimulation is shown to cause 
calcium accumulation in the rat cortex (Islam et al., 1995). Calcium itself affects 
NMDAR activity, and high levels of calcium will enhance receptor activation (Nitsche et 
al., 2003). Inhibition of both sodium and calcium channels are shown to suppress only 
anodal tDCS-induced after-effects (Nitsche et al., 2003). Decreased calcium-mediated 
NMDA activation could explain the suppression of after-effects caused by prolonged 
anodal tDCS in the case of calcium receptor inhibition (Nitsche et al., 2003). GABAergic 
systems are also shown to contribute to after-effects elicited by anodal tDCS (Nitsche et 
al., 2005), while cathodal tDCS after-effects are primarily mediated by glutamatergic 
neurotransmission (Stagg et al., 2009).  
Cortical Excitability Modulation and CSD 
 As tDCS has the ability to alter spontaneous electrical activity and evoked 
potentials of the cortex in a polarity-specific way, researchers have tested its ability to 
affect the initiation and propagation of CSD (Liebetanz et al., 2006). Studies have 
indicated a link between the level of cortical excitability and spreading depression 
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velocity, with an increased cortical network excitability being associated with a reduced 
current threshold for triggering spreading depression as well as an increase in CSD 
propagation velocity (van den Maagdenberg et al., 2004). Anodal tDCS is shown to 
induce an increase in spreading depression velocity at the site of application following 
cessation of stimulation (Liebetanz et al., 2006). This after-effect of anodal tDCS is 
believed to be a result of increased synaptic strength mediated by NMDA receptor 
activation (Liebetanz et al., 2006).  This particular study showed no effect on CSD 
velocity by cathodal stimulation (Liebetanz et al., 2006). However, cathodal tDCS 
applied prior to repetitive electrical stimulation of the cortex elicited a reduction in 
spreading depression propagation velocity (Fregni et al., 2007). High-intensity cathodal 
stimulation has also been shown to block spreading depression completely if applied 
prior to its induction (Richter et al., 1996). Anodal tDCS applied prior to electrical 
stimulation shows a significant increase in CSD velocity (Fregni et al., 2007).  
 
Clinical Uses of tDCS 
  Cathodal tDCS exhibits neuroprotective effects if applied during the early stages 
of experimental stroke, and limits expansion of ischemic tissue damage (Peruzzotti-
Jametti et al., 2013). Cathodal tDCS is shown to cause a reduction in cortical glutamate 
following ischemic stroke in a rat model (Peruzzotti-Jametti et al., 2013).  Glutamate 
excitotoxicity contributes to neuronal death following ischemic stroke, and glutamate is 
thought to trigger activation of microglia which also contributes to ischemic damage 
(Peruzzotti-Jametti et al., 2013).  Cathodal tDCS is also shown to reduce the number of 
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SPCs, which are characteristic of both CSD and PID, as well as cause a significant 
reduction in infarct volume following experimental ischemic stroke (Notturno et al., 
2014). PIDs are shown to expand the volume of an ischemic lesion (Nakamura et al., 
2010), and cerebral infarct volume is positively correlated with the number of PIDs 
elicited (Hartings et al., 2003). Cathodal tDCS may be promising as a form of treatment 
neuroprotective treatment in ischemic stroke (Notturno et al., 2014). Cathodal tDCS may 
also have use as a potential therapy for migraine by reducing cortical hyperexcitability 
and suppressing propagation of CSD (Liebetanz et al., 2006).  
It addition to its effects on cortical excitability, tDCS is also shown to induce 
polarity-specific changes in cerebral blood flow (Wachter et al., 2011). These changes are 
dependent on current intensity and duration of application (Wachter et al., 2011). 
Through the mechanism of neurovascular coupling, changes in cortical excitability will 
cause appropriate changes in regional blood flow (Wachter et al., 2011). Anodal tDCS is 
shown to increase regional cerebral blood flow, while cathodal tDCS decreases it. The 
ability of tDCS to modulate cerebral blood flow may allow for its use as a therapeutic 
tool to reduce the extent of ischemic damage following acute stroke (Wachter et al., 
2011). Anodal tDCS improved recovery of motor function and reduced white matter 
deterioration following infarction in a rat stroke model (Kim et al., 2010). However, later 
studies have shown negative effects following anodal tDCS application during the acute 
phase of stroke (Peruzzotti-Jametti et al., 2013). Anodal tDCS application leads to 
disruption of the blood brain barrier (BBB) following stroke, causing extrusion of high 
molecular weight proteins and negatively affecting the integrity of endothelial tight 
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junctions (Peruzzotti-Jametti et al., 2013). Early hyperemia may in fact worsen tissue 
damage, indicated by an increased occurrence of hemorrhage and brain edema, as well as 
by an expansion in ischemic lesion volume, following anodal tDCS application 
(Peruzzotti-Jametti et al., 2013). These contradicting findings indicate that that further 
study needs to be done on the underlying cellular mechanisms of anodal tDCS, and its 
effect on neuronal function. Studying the effects of anodal tDCS on cortical spreading 
depression may help to elucidate its mechanism of action during the period of 
stimulation, as well as determine the optimal method and time of application for its use as 
a therapeutic device following neurological injury.  
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SPECIFIC AIMS 
 
Cortical spreading depression has implications in various neurological disease 
states including stroke, migraine aura, and concussion. Limiting brain damage after injury 
is important in restoring functionality to the damaged region and minimizing adverse 
effects. Therefore, reducing the occurrence of spreading depression could be instrumental 
in limiting the proliferation of cellular damage following brain injury. Use of tDCS to 
modulate brain excitability may affect the incidence or propagation of CSD, and as a 
result the extent of damage in an ischemic region of the brain. The goal of this research 
study is to analyze any effects of anodal tDCS on the general characteristics of a 
spreading depression wave, due to its ability to increase cortical excitability during the 
period of stimulation. Characteristics that will be assessed include CSD propagation 
velocity, amplitude, the presence of neuronal silencing following passage of the wave, 
and physical characteristics of the wave. By inducing neuronal membrane depolarization 
and increasing cortical excitability, anodal tDCS application may allow the ignition point 
for spreading depression initiation to be reached sooner and by a larger neuronal network. 
It is therefore hypothesized that anodal tDCS will increase spreading depression 
propagation velocity, amplitude, and overall incidence during the period of stimulation in 
comparison to sham.  Alternatively, since tDCS has been shown to effectively clamp 
membrane potential of large neuronal populations, an alternative hypothesis is that the 
anodal tDCS could block or attenuate the propagation of the CSD wave.
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METHODS  
 
Animal Care and Treatment  
Experiments were conducted on 19 male adult rats, given ad libitum food and 
water access. Rats weighed 350 – 600g at the time of each procedure. All experimental 
procedures were compliant with the regulations set forth by the Boston University School 
of Medicine Institutional Animal Care and Use Committee. CSD was induced in the left 
hemisphere of the rat cortex by administration of 3M KCl onto the surface of the brain. 
Rats were randomized to either the sham or anodal tDCS group; 6 rats received sham 
tDCS, and 13 rats received anodal tDCS.  
Rats were anesthetized with a mixture of chloral hydrate (160 mg/kg) and 
pentobarbital (50 mg/kg). Body temperature was maintained at 36.5 – 38 °C. Animal pain 
response was assessed throughout to ensure proper maintenance of anesthesia, and 
supplemental pentobarbital was given if a withdrawal reflex was induced. Glycopyrrolate 
(4 mg/ml) was also administered to protect against anesthesia-induced respiratory 
distress. After each procedure, animals were perfused with 500 ml of 10% Formalin, and 
brains were removed and preserved in 10% formalin. 
Experimental Setup  
Rats were first placed in a stereotactic frame, with heads positioned flat and 
facing forward. A vertical incision was made through the skin, following the midline of 
the skull. Bones of the skull were exposed after retraction of the skin and fascia. Two 
holes were drilled into the left hemisphere of the skull, each 1mm in diameter and 
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exposing the surface of the brain. The location of each hole was determined by 
measurements taken relative to bregma and lambda. The hole for KCl administration was 
located on the frontal bone, 2.5 mm anterior to the coronal suture and 2.6 mm to the left 
of bregma. The hole for insertion of the recording electrode was located on the parietal 
bone, 0.5 mm anterior to the lambdoid suture and 2.6 mm to the left of lambda. Two 
more holes were drilled into the right hemisphere of the skull, one on the frontal bone and 
one just below the coronal suture on the parietal bone; these holes were drilled only 
partway through the bone, and did not expose the brain surface. Two ground electrodes 
were placed into these holes.  
A 25 mm2 positive electrode for delivery of anodal tDCS was placed on the 
parietal bone, 0.5 mm posterior to the coronal suture and 5.1 mm to the left of bregma. A 
100 mm2  negative return electrode was placed on the right axillary region of the rat; the 
return electrode surface was coated with Elefix conductive electroencephalogram (EEG)  
paste (Nihon Kohden) before it was adhered to the skin. The electrodes used were Uni-
Tab self-adhering stimulating electrodes (Coviden). Anodal tDCS was administered at a 
current strength of 0.3 mA using an ActivaDose II Iontophoresis Delivery Unit (Patterson 
Medical). A linear Plexon 24 channel U-probe was lowered into the cortex through the 
recording electrode hole. The multi-contact recording electrode contained 23 contacts, or 
recording sites, each located at different depths within the cortex after sinking of the 
probe. The first recording site, or channel, was the most superficially located. The 
contacts were spaced 50μm apart along the length of the probe. A preamplifier, connected 
to the two ground electrodes, also connected the recording electrode to an amplifier 
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(Neurotrack Systems). The amplifier was coupled to a computer that displayed the results 
of the EEG. A 51mm Hamilton microliter syringe was filled with 3M KCl and positioned 
over the KCl hole; the syringe was used to administer one droplet of KCl into the KCl 
hole for elicitation of CSD. The experimental setup is demonstrated in Figure 1. 
 
 
 
 
 
 
 
EEG Recording and Data Collection 
Cortical EEG data was collected and monitored using LabVIEW 7.1 (National 
Instruments). A 5-minute pre-tDCS baseline recording session occurred a minimum of 30 
minutes after insertion of the recording electrode; the rest period was to ensure recovery 
Figure 1. Experimental Setup 1 demonstrates the point of KCl 
application using the Hamilton syringe. 2 represents the direction of 
spreading depression propagation from the point of application to 
the recording electrode. 3 depicts the location of the recording 
electrode.  
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from any trauma induced by electrode insertion. After the baseline was a 7:30-minute 
long recording session, during which the CSD was induced and either anodal or sham 
tDCS applied. Anodal tDCS was turned on at the 7-minute mark, and 3M KCl was 
dropped at the 6-minute mark. Anodal tDCS was turned off at the 1-minute mark. For 
sham recordings, tDCS was turned on at the 7 and 1 minute marks, allowed to ramp up, 
then ramped down and turned off. After this recording session, a 5-minute post-tDCS 
recording was done.  
Data and Statistical Analysis  
EEG data was collected at a sampling rate of 4000Hz. EEG traces were recorded 
simultaneously from each of the 23 channels, and saved as EEG and multi-unit activity 
files. The recording probe captured the local field potentials (LFPs), or measures of the 
electrical activity within the extracellular space of a localized neuronal network, at each 
of the 23 contact sites. Analysis of LFP data was done using MATLAB R2015a 
(MathWorks). The raw LFP data was normalized by averaging the signals from each 
individual channel, and then subtracting the mean from the original signal. Spreading 
depression was visualized by plotting the normalized and non-normalized LFP data using 
MATLAB’s 3D plotting function. Chronux is an open-source software package (Bokil et 
al., 2010) that was used alongside MATLAB  to create spectrograms. Spectrograms are a 
visual representation of the different frequencies present in the EEG data over time. A 
spectrogram is calculated by breaking up time domain data into many equal intervals, and 
running a Fourier transform over each time interval. A Fourier transform converts a time 
signal to a frequency signal. Chronux specifically is a platform for multi-taper estimate 
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spectral analysis, providing an improved method for estimating Fourier transforms (Bokil 
et al., 2010). The spectral analysis was run after reducing the EEG signal to 500 Hz. The 
multi-taper analysis used seven tapers, with a time-bandwidth product of 5 cycles. The 
analysis also used a moving window of 2 seconds, with a window overlap of 1 second.  
Velocity was assessed by measuring the vertical distance between the KCl hole 
and the recording electrode hole, and by measuring the time between administration of 
the KCl and appearance of the CSD. Amplitude was found by measuring the peak-to-
peak amplitude of the potential changes experienced by the channel in which the 
spreading depression originated. CSDs were also divided intro groups based on 
appearance; characteristics assessed included direction of spread through the cortex and 
general shape. Statistical analysis was done using MATLAB R2015a (Mathworks). A 
Mann-Whitney U-test was done comparing the significance of the differences in velocity 
and amplitude between the anodal tDCS and sham groups. A chi-squared test was done to 
assess the significance of the incidence of CSD in the anodal tDCS group versus the 
sham group. 
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RESULTS 
 
Experimental Outcomes  
Spreading depressions were successfully evoked in twelve rats, with nineteen rats 
total undergoing the experimental procedure. Thirteen rats were in the anodal tDCS 
group, seven of which experienced a CSD. Six rats were in the sham group, five of which 
experienced a CSD. Three rats experienced neuronal silencing without occurrence of a 
spreading depression, all of which were in the anodal tDCS group. All twelve rats that 
experienced a spreading depression experienced a period of neuronal silencing following 
the CSD. These results are summarized in Table 1. Figure 2 depicts a sham tDCS 
recording session, as well as the raw LFP data demonstrating the CSD. Figure 3 depicts 
an anodal tDCS recording session, along with LFP data collected during the recording 
session. Figure 4 depicts a spectrogram for an anodal tDCS and a sham tDCS recording 
session. All figures depict artifacts for tDCS and KCl administration, as well as the 
graphical demonstration of a CSD followed by silencing.  
A chi-squared test was done to determine the significance between the incidences 
of CSD in the anodal tDCS group versus the sham group. The chi square value was 
1.534, and the p-value was 0.215508. The result was determined to not be significant at p 
< .05.  
CSD Shape and Direction of Propagation 
Rats experiencing CSDs were divided into subgroups based on the appearance of 
the spreading depression evoked; these subgroups were A, B, and C. Subgroup A 
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included CSDs that did not fit into any other subgroups, through both members of this 
subgroup propagated primarily downwards from the point of initiation through the 
cortical layers. Subgroup B included C-shaped spreading depressions that primarily 
traveled upwards from the point of initiation. Subgroup C included slanted CSDs that 
primarily propagated downwards from the point of initiation. Subgroup distribution is 
shown in Table 2.  
Table 1. Experimental outcomes for rats subject to either anodal tDCS or sham 
tDCS.  
Rat Identification Number/ 
Experimental Group 
CSD 
(Yes/No) 
Silencing (Yes/No) 
336/ Anodal tDCS No No 
337/ Anodal tDCS No Yes 
338/ Anodal tDCS Yes Yes 
339/ Anodal tDCS Yes Yes 
346/ Anodal tDCS No No 
347/ Anodal tDCS Yes Yes 
349/ Anodal tDCS No Yes 
350/ Anodal tDCS No Yes 
351/ Anodal tDCS Yes Yes 
352/ Anodal tDCS No No 
353/ Anodal tDCS Yes Yes 
354/ Anodal tDCS Yes Yes 
355/ Anodal tDCS Yes Yes 
332/ Sham Yes Yes 
333/ Sham No No 
340/ Sham Yes Yes 
342/ Sham Yes Yes 
344/ Sham Yes Yes 
345/ Sham Yes Yes 
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Figure 2. Sham tDCS Recording Session with CSD Depicted in LFP 
Data. (A) This is a depiction of a recording session for administration of 
sham tDCS. (B) This depicts the raw LFP data; artifacts for tDCS and KCl 
administration can be seen, as well as the voltage shift representing the 
CSD. A reduction in cortical noise prior to and after the CSD can also be 
seen. (C) This depicts the mean-subtracted LFP data, showing the channel 
depth of CSD penetrance.  
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Figure 3. Anodal tDCS recording session with CSD depicted in LFP 
Data. (A) This is a depiction of a recording session for administration of 
anodal tDCS. (B) This depicts the raw LFP data; artifacts for tDCS and 
KCl administration can be seen, as well as the voltage shift representing 
the CSD. A reduction in cortical noise prior to and after the CSD can 
also be seen. (C) This depicts the mean-subtracted LFP data, showing 
the channel depth of CSD penetrance. 
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Figure 4. Spectrogram of Anodal tDCS and Sham tDCS 
Recording Session. (A) This is a depiction of the anodal tDCS 
recording session; artifacts are seen, and the CSD is seen as a sudden 
increase in power. Neuronal silencing is represented as a power 
decrease following the CSD. (B) This depicts a sham tDCS recording 
session.  
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Table 2. Group distribution based on CSD appearance and direction of spread.    
 
 
Table 3. Range of channels affected, as well as peak-to-peak amplitude of the origin 
channel for each elicited CSD.  
Rat Identification Number/ 
Experimental Group/  
Subgroup (A, B, C) 
Origin 
Channel 
Peak-to-Peak 
Amplitude 
(mV) 
Affected 
Channels; 
Total 
Number 
338/ Anodal tDCS/ C 8 2.762207031 6 – 18; 13 
339/ Anodal tDCS/ C 9 5.350708008 7 – 19; 13 
347/ Anodal tDCS/ B 14 6.333496094 5 – 17; 12 
351/ Anodal tDCS/ A 15 7.731811523 13 – 17; 5 
353/ Anodal tDCS/ C 1 7.130493164 1 – 5; 5 
354/ Anodal tDCS/ C 1 6.534545898 1 – 7; 7 
355/ Anodal tDCS/ C 1 7.99230957 1 – 15; 15 
Mean Amplitude = 6.2622245 mV; Standard Deviation = 1.7826476 mV 
332/ Sham/ A 9 1.475219727 9 – 22; 13 
340/ Sham/ C 9 5.045532227 6 – 20; 14 
342/ Sham/ C 1 5.8046875 1 – 4; 4 
344/ Sham/ C 3 4.590454102 1 – 14; 14 
345/ Sham/ C 1 5.649291992 1 – 10; 10 
Mean Amplitude = 4.5130371 mV; Standard Deviation = 1.7661621 mV 
  
Rat Identification 
Number 
Type of Experiment Subgroup (A/B/C) 
338 Anodal tDCS C 
339 Anodal tDCS C 
347 Anodal tDCS B 
351 Anodal tDCS C 
353 Anodal tDCS C 
354 Anodal tDCS C 
355 Anodal tDCS C 
332 Sham A 
340 Sham C 
342 Sham C 
344 Sham C 
345 Sham C 
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CSD Amplitude and Affected Channels    
 The peak-to-peak amplitude of the first channel affected by a CSD was calculated 
for all 12 rats, and these results as well as the specific range of channels affected by a 
particular CSD are shown in Table 3. The mean amplitude for the anodal tDCS group 
was 6.2622245 mV, with a standard deviation of 1.7826476 mV. The mean amplitude for 
the sham tDCS group was 4.5130371 mV, with a standard deviation of 1.7661621 mV. A 
Mann-Whitney U-test was done to determine the significance of any differences between 
the sham and anodal tDCS groups. The U-value was 6, and the critical value of U at p < 
.05 is 5; the Z-score was 1.7864, and the p-value was 0.07346. Therefore, the result was 
determined to not be significant at p < .05.  
 The number of channels affected does not necessarily seem to have any bearing 
on the amplitude; CSDs experiencing small amplitudes can show a large number of 
channels affected, and the opposite is also true. Experimental group also does not 
necessarily seem to have an effect on origin channel, or the total number of channels 
affected; this may be more a factor of CSD shape, or subgroup. It is of note that the 
anodal tDCS group experienced CSDs that began in channels 14 and 15, which is deeper 
in the cortex than any of the origin channels for the sham group.   
CSD Velocity 
 The calculated propagation velocities of the spreading depressions are shown in 
Table 4. The mean velocity for the anodal tDCS group was 2.8401082 mm/min, with a 
standard deviation of 0.5574808 mm/min. The mean velocity for the sham group was 
2.8175174 mm/min, with a standard deviation of 0.6531464 mm/min. A Mann-Whitney 
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U-test was done to determine the significance of any differences between the sham and 
anodal tDCS groups. The U-value was 17, and the critical value of U at p < .05 is 5; the 
Z-score was 0, and the p-value is 1. Therefore, the result was determined to not be 
significant at p < .05.  
 
Table 4. CSD propagation velocities. 
Rat Identification 
Number/Experimental Group 
CSD Velocity 
(mm/sec) 
CSD Velocity 
(mm/min) 
338/ Anodal tDCS 0.058333333 3.5 
339/ Anodal tDCS 0.053932584 3.235955056 
347/ Anodal tDCS 0.040350877 2.421052632 
351/ Anodal tDCS 0.055191257 3.31147541 
353/ Anodal tDCS 0.042727273 2.563636364 
354/ Anodal tDCS 0.049473684 2.968421053 
355/ Anodal tDCS 0.048704663 2.922279793 
Mean Velocity = 2.8401082 mm/min; Standard Deviation = 0.5574808 mm/min 
332/ Sham 0.048292683 2.897560976 
340/ Sham 0.058227848 3.493670886 
342/ Sham 0.045408163 2.724489796 
344/ Sham 0.046818182 2.809090909 
345/ Sham 0.055675676 3.340540541 
Mean Velocity = 2.8175174 mm/min; Standard Deviation = 0.6531464 mm/min 
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DISCUSSION 
 
 This study was designed to test the hypothesis that anodal TCS would alter the 
characteristics and incidence of KCl-induced cortical spreading depression.  We found 
that anodal TDCS did not have a significant effect on the incidence or other 
characteristics of the CSD. Anodal tDCS did not have a significant effect on CSD 
velocity or amplitude during the period of stimulation, and did not seem to influence 
CSD direction of spread, location of initiation within the cortex, or the presence of 
cortical silencing following a spreading depression. These data indicate that anodal tDCS 
neither blocks the wave nor affects its characteristics. 
Anodal tDCS Effects on CSD Propagation Velocity  
Anodal tDCS was shown to have no significant effects on CSD propagation 
velocity, based on the results of this study. This finding refutes the earlier hypothesis that, 
due to anodal tDCS-induced cellular membrane depolarization, the ignition point for 
triggering of a CSD in a critical mass of tissue would be achieved sooner and CSD 
propagation velocity would increase. Previous studies have demonstrated the effects of 
anodal tDCS on spreading depression velocity after cessation of the stimulation period 
(Fregni et al., 2007; Liebetanz et al., 2006). However, the neurobiological mechanisms 
underlying the effects of anodal tDCS on cortical excitability during and after the period 
of stimulation are thought to be different. The changes in cortical excitability that occur 
during the period of stimulation are due to cellular membrane polarization, while the 
changes occurring after stimulation are due to long-term synaptic modulation (Nitsche et 
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al., 2004). Anodal tDCS was shown to cause an increase in CSD velocity if the spreading 
depression was evoked after prolonged application of the polarizing stimulus. In a study 
by Bindman et al. (1964), persisting changes in excitability of the rat cerebral cortex were 
induced after 5 minutes of anodal stimulation. In the study by Liebetanz et al. (2006), the 
acceleration in CSD propagation velocity was evoked after 20 minutes of anodal 
stimulation. For the purpose of this study, assuming synaptic strength modulation had not 
yet occurred during the recording period in which the stimulation was applied, changes in 
membrane polarization alone might not have been able to incite an increase in CSD 
velocity.  
Anodal tDCS Effects on CSD Amplitude and Neuronal Silencing  
This study showed anodal tDCS application to have no significant effects on CSD 
amplitude in comparison to sham. It was hypothesized that the increase in cortical 
excitability caused by anodal tDCS would cause an increased recruitment of neuronal 
pools at the spreading depression initiation point, thus increasing the measured LFPs. 
However, anodal tDCS-induced membrane depolarization itself may not be able to elicit 
these changes. Increased synaptic strength due to NMDA receptor activation may be 
necessary to augment the positive feedback release mechanisms of glutamate and 
potassium, which would consequently enhance neuronal recruitment and CSD 
propagation. As spreading depression is known to be an all-or-none phenomenon (Müller 
& Somjen, 2000), spreading depression amplitude may be a property inherent to the 
animal itself rather than an effect of cortical excitability.  It can be assumed that, once the 
appropriate level of neuronal depolarization is achieved to ignite a spreading depression, 
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the phenomenon proceeds to completion and is unable to be enhanced further by the 
presence of anodal TDCS-induced changes in membrane potential. As tDCS applied 
during the stimulation period may not have exerted any lasting changes on cortical 
exitability and synaptic strength, inherent properties of the affected cortex have not yet 
changed. Changes in neuronal resting membrane potential are also unlikely to contribute 
to the presence of silencing following a CSD, as no correlation was found between 
membrane potential and postsynaptic potential amplitude (Sawant-Pokam et al., 2016). 
The presence of silencing following a CSD is more likely to be a result of synaptic 
modulation of the affected tissue causing an increase in cortical inhibitory activity 
(Sawant-Pokam et al., 2016), and is therefore unlikely to be affected by transient 
increases in cellular membrane potential.  
Anodal tDCS Effects on CSD Initiation Point and Direction of Spread  
The location of initiation and direction of spread of CSDs do not seem to be 
influenced by the level of cortical excitability, based on the results shown. However, as 
polarization is known to have differing effects based on the type and orientation of 
neuron affected, (Nitsche & Paulus, 2000; Purpura & Mcmurtry, 1965) this could affect 
the propensity for a spreading depression to travel upwards or downwards through the 
cortex from the point of initiation. Superficially located nonpyramidal neurons exhibit 
anodal tDCS-induced hyperpolarization, which may cause CSDs elicited during the 
application of anodal stimulation to be more deeply located. While this cannot be 
confirmed by the data presented, it is of note that the CSDs initiated in the deepest 
cortical layers occurred during the application of anodal tDCS. In addition, spreading 
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depressions initiated deeper within the cortex may be more likely to travel downwards 
through the cortical layers rather than upwards, based on the tendency of neighboring 
neurons to depolarize rather than hyperpolarize. Further study and analysis needs to be 
done to provide more conclusive results on these effects. Neurons have also expressed 
differing sensitivities to polarization, based on the cortical layer in which they are located 
(Radman et al., 2009). Layer V pyramidal neurons are shown to be the most sensitive to 
the effects of current polarization, and layer V and VI pyramidal neurons are shown to 
have a lower absolute firing threshold than those in layers II and III (Radman et al., 
2009). Anodal tDCS may induce a preferential initiation of CSD in these cortical layers; 
however, there is not enough information in the results of this study to fully substantiate 
this. Experimentally, the location of the depolarizing stimulus and the depth of its 
penetrance within the cortex may affect the CSD initiation point and therefore its 
direction of spread. This factor may also affect CSD incidence, which is shown to be 
unaffected by the application of anodal tDCS.   
Study Limitations 
Limitations of the study also need to be considered; the sample set is small, and 
further experiments need to be conducted to draw more conclusive results from the data. 
Experimental parameters subject to error or variation include the amount of cortical 
surface that is exposed in the KCl hole, and the depth of electrode penetrance in the 
recording electrode hole. However, these were standardized as much as possible. The 
presence of cerebrospinal fluid and blood in the KCl hole may have affected the ability of 
KCl to reach the brain surface in experiments where no CSD occurs. In experiments that 
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did experience a spreading depression, the presence of fluid in the hole and the time it 
takes for KCl to penetrate the dura may affect CSD onset time. The recording electrode 
was sunk to a depth at which its topmost connection just penetrated the cortex. The 
presence of fluid in the electrode hole may have affected the ability to precisely control 
for depth of electrode penetrance. How this effects the ability to adequately capture a 
spreading depression is uncertain; spreading depressions which occur at channel 1 may 
have actually been started in upper layers, yet only hit the depth of the recording 
electrode at channel 1. However, any differences in the position of the electrode are likely 
to be minor. 
Anodal tDCS in Neurological Disease 
 Following the occurrence of stroke, the injured brain is highly plastic; this is 
indicated by the increased expression of several growth-promoting genes in the cortical 
infarct region (Carmichael et al., 2005).  The injured brain is therefore sensitive to any 
changes in excitation during this period, as this effects new synapse formation (Yoon, et 
al., 2012). Anodal tDCS promotes BDNF-dependent and NMDA receptor-dependent 
neuroplasticity (Fritsch et al., 2010; Liebetanz et al., 2002). Anodal tDCS is shown to 
induce an increase in dendritic outgrowth when applied 1 day after the occurrence of 
ischemic stroke in a rat model, and the expression of genes involved in axonal regrowth 
was increased when anodal tDCS was applied 1 week after infarction (Yoon, et al., 
2012). Overall, the therapeutic benefit of anodal tDCS in tests of motor and behavioral 
function was greater when it was applied 1 week after ischemic stroke (Yoon, et al., 
2012).  Late application of anodal tDCS may circumvent its negative effects on the 
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ischemic brain, as seen when applied in the acute phase of stroke (Peruzzotti-Jametti et 
al., 2013). Another rat stroke study in which animals received 10 days of tDCS supported 
the finding of improved motor function recovery following anodal tDCS, and also 
demonstrated a polarity-independent increase in neurogenesis following tDCS (Braun et 
al., 2016). Prolonged application of current stimulation may be necessary to induce 
lasting effects in the ischemic injury zone, as this allows for longer-term modulation of 
synaptic function and an acceleration of neuronal recovery. Anodal tDCS may also have 
use in migraine prophylaxis (Viganò et al., 2013).  Repetitive application of anodal tDCS 
is shown to cause habituation to visual evoked potentials in patients suffering from 
migraine (Viganò et al., 2013). Visual evoked potentials are consequence of cortical 
hyperactivity, which itself is a result of decreased cortical pre-activation level (Viganò et 
al., 2013). Anodal tDCS decreased the frequency and duration of migraine attacks in 
patients during the treatment period, as well as the need for acute medication intake for 
migraine prevention (Viganò et al., 2013).  Further study needs to be done to confirm the 
viability of anodal tDCS for use in stroke rehabilitation and migraine prevention.  
Concluding Remarks 
In summary, the results of this study show that anodal tDCS does not impair or 
otherwise alter the cortical spreading depression. CSD velocity, amplitude, shape, and the 
presence of neuronal silencing were not influenced by the presence of anodal tDCS. This 
may be due to the lack of effect of membrane polarization on the various characteristics 
of a spreading depression. Experimental error and variation between experiments also 
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needs to be considered, and further experiments should be performed to validate these 
conclusions. 
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